Multiple signaling pathways are involved in the induction of the organizer, a major center controlling vertebrate body plan formation. To study these signals, we have focused on the regulation of the Zic3 gene, which codes for a zinc finger transcription factor expressed in the organizer region at the beginning of gastrulation. We searched for DNA regulatory elements in the Zic3 promoter by testing their ability to drive reporter gene expression in early embryos. By this approach, we identified an activin responsive enhancer (Zic3-ARE), which was located in the Zic3 first intron and was essential for dorsal activation of the reporter. The Zic3-ARE was stimulated by activin and Nodal ligands, but not by a dominant negative bone morphogenetic protein (BMP) receptor. The Zic3-ARE contains a repeating consensus homeodomain binding sequence, CTAATTAAA, suggesting involvement of a homeodomain transcription factor(s). Mutations in this motif abolished enhancer activity in dorsal marginal zone and its response to activin in animal pole explants. Inhibition of either Wnt/b-catenin or activin/Nodal signaling suppressed Zic3-ARE activity in dorsal blastomeres, further illustrating the importance of these pathways in activation of organizer genes. q
Introduction
The main signaling center that directs patterning of the vertebrate embryo is known as the organizer. The organizer was discovered by Spemann and Mangold, who showed that a region around the dorsal blastopore lip of early amphibian gastrula had the capacity to induce a second body axis, including a well formed neural plate, after transplantation into a host embryo (reviewed by Spemann (1938) and Hamburger (1988) ). The second axis is composed primarily of host tissues, indicating that the organizer secretes factors capable of altering the fate of host cells. Two major signaling pathways are required for formation of the organizer itself, the Wnt/b-catenin-and VegT/Nodal/ Smad2-dependent pathways (Harland and Gerhart, 1997; Kimelman and Griffin, 2000) .
b-Catenin is essential for organizer formation and dorsal specification (Heasman et al., 1994) . In the Xenopus egg, shortly after fertilization asymmetry is generated by reorganization of the cortical region (Gerhart et al., 1989) . This rearrangement of the cytoskeleton leads to stabilization of b-catenin on one side of the embryo (Larabell et al., 1997; Schneider et al., 1996) . b-Catenin serves as a positive cofactor for transcription factors of the T-cell factor (TCF) family, which can then activate early target genes in the organizer (Cadigan and Nusse, 1997; Sokol, 1999) . The other pathway that is required for organizer formation involves VegT/Nodal signaling (Harland and Gerhart, 1997; Kimelman and Griffin, 1998) . The maternal transcription factor VegT (also known as Antipodean, Brat, or Xombi; Kimelman and Griffin, 1998 ) is thought to activate Nodalrelated factors of the TGFb superfamily in the organizer region (Jones et al., 1995; Smith et al., 1995) . These ligands stimulate phosphorylation of Smad2 (reviewed by Massague and Wotton (2000) ). Smad2 associates with Smad4 and the winged-helix transcription factor forkhead activin signal transducer (FAST) or the homeodomain proteins Mixer and Milk (Chen et al., 1997; Germain et al., 1999) to control target genes.
Some organizer genes, such as Siamois/Twin (Brannon and Kimelman, 1996; Laurent et al., 1997; Fan et al., 1998) and Xnr3 McKendry et al., 1997) are primarily activated by promoter elements that bind the b-catenin/TCF complex. The promoter for Xenopus Nodal related 1 (Xnr1) gene contains both Wnt-responsive sequences and VegT binding sites (Hyde and Old, 2000) . Many other genes that are activated in the organizer in response to early pre-gastrula signaling mediate organizer activities and are required for elaboration of the main body plan. Understanding their transcriptional regulation is critical for elucidation of the molecular pathways that connect formation of the organizer with its signaling functions.
One gene that may be critical for organizer activity is Zic3 (zinc finger protein of the cerebellum 3; Aruga et al., 1996; Nakata et al., 1997) . Xenopus Zic3 (Xzic3) is detected in the Spemann organizer and in presumptive neuroectoderm (Nakata et al., 1997; Kitaguchi et al., 2000) . Zic3 is also expressed on the dorsal side of the mouse and zebrafish embryos Grinblat and Sive, 2001 ). Microinjection of Xzic3 RNA into frog embryos results in induction of several neural crest and neural tissue markers (Nakata et al., 1997) . Targeted deletion of the Zic3 gene in the mouse and mutations in the DNA binding domain of human Zic3 result in CNS abnormalities and heterotaxia, a birth defect in which one or more of the internal organs are inverted with respect to the other organs (Gebbia et al., 1997; Purandare et al., 2002) . Consistent with these findings, misexpression of Zic3 in Xenopus embryos disturbs left -right patterning of the mesoderm (Kitaguchi et al., 2000) . Additionally, abnormal gut formation in humans with Zic3 mutations implicates Zic3 in endoderm development (Gebbia et al., 1997) . These findings indicate that Zic3 plays multiple roles in early patterning.
In presumptive ectoderm, Xzic3 can be induced by b-catenin and Siamois (Feledy et al., 1999; Beanan et al., 2000) , and activin, a TGFb that is similar to Nodals (Kitaguchi et al., 2000) . However, little is known about how these different signaling pathways integrate at the level of Zic3 DNA regulatory sequences. To study the transcriptional control of the Zic3 gene, we have isolated regulatory DNA sequences that are essential for Zic3 gene activation. In vivo analysis of transient expression of promoterreporter constructs led to identification of a conserved activin-responsive enhancer (Zic3-ARE) located in the first intron of the Zic3 gene. A Zic3-luciferase reporter gene that includes this enhancer mimics endogenous Zic3 expression, suggesting that the ARE mediates Zic3 activation in the Spemann organizer.
Results

Comparison of Xenopus and human Zic3 genes
The 5 0 untranslated region of the Xzic3 cDNA (Nakata et al., 1997) was used to probe a Xenopus laevis genomic library and obtain the regulatory DNA sequences for the Xzic3 gene. A comparison of the human and Xenopus Zic3 genes shows that they have a similar structure, with 3 exons and 2 introns (Fig. 1) . To identify potential transcriptional regulatory regions of Zic3, we searched for sequences conserved between the human and Xenopus Zic3 introns and 5 0 flanking regions. A BLAST search (Altschul et al., 1990) found three short sequences with a high degree of similarity between species (Fig. 1(A) ). Conserved regions 1 and 2 in the 5 0 flanking sequence comprise 64 and 53 bp, with 79 and 96% identity between species, respectively. For comparison, the coding regions are only 66% identical at the nucleotide level. Also, the more than 1 kb of sequence found between the two conserved regions in the promoter has only 33% identity between species. Conserved region 3, which is found in the middle of the first intron, comprises 122 bp with 85% identity, as compared to only 15% identity for the rest of the intron. Based on the fossil record, the last common ancestor between amphibians and mammals lived at least 300 million years ago (Stansfield, 1977) . High degree of conservation for these non-coding sequences suggests that they play an important regulatory role.
Sequence comparisons indicate that conserved region 2 is likely to serve as the core promoter for Zic3. This region is located immediately upstream of the Xzic3 cDNA and contains the TATA-like sequence TTTAT that is also found in the mouse Zic1 gene Fig. 1(D) ). Also, this region contains eight bases identical to mZic1 transcription start sites  Fig. 1(D) ). The region immediately upstream of this putative core promoter includes four CCAAT box sequences that are conserved between Xenopus and human Zic3 (Fig. 1(C) ). The CCAAT box is one of the most common elements in eukaryotic promoters and is often found a short distance upstream of a TATA box (Mantovani, 1998; Nussinov, 1990) . Within the CCAAT box region, a consensus binding sequence for the transcription factor YinYang1 (YY1, Shrivastava and Calame, 1994 ) is found in both species ( Fig. 1(C) ). Another YY1 consensus sequence is present in conserved region 1 (Fig. 1(B) ). YY1 can act negatively or positively, depending upon what other proteins it interacts with (Shi et al., 1991) .
Conserved region 3, which we will refer to as the Zic3-ARE, contains two perfect and two imperfect repeats of the sequence CTAATTAAA ( Fig. 1(E) ). Functionally important transcription factor binding sites are often found as multiple copies (Chen et al., 1996) . This sequence includes TAAT, a known core binding site for the homeodomaincontaining transcription factors (Catron et al., 1993; Gehring et al., 1994) . Numerous homeodomain transcription factors are essential regulators of early vertebrate development (McGinnis and Krumlauf, 1992; McKendry et al., 1998) . We therefore expect that the repeated CTAATTAAA sequence is important for Zic3 regulation.
The Zic3-ARE serves as a transcriptional enhancer in the organizer
We tested whether any of the identified conserved sequences (Fig. 1) are important for the initial activation of Xzic3 in the Spemann organizer (Fig. 2) . Potential Xzic3 transcriptional regulatory sequences were fused with the luciferase reporter gene. These constructs were then injected into either the dorsal vegetal or the ventral animal region of 4-cell stage Xenopus embryos ( Fig. 2(A) ). The embryos sequence identity between species is given in parentheses. A region containing putative CCAAT boxes is designated by a gray box. The Xenopus DNA sequence for conserved region 1, the CCAAT box region, conserved region 2, and conserved region 3 is shown in (B), (C), (D), and (E), respectively. The human sequence is shown only where it differs from Xenopus. Dashes indicate a space for alignment. A YinYang1 consensus sequence is underlined in (B) and (C). The mZic1 sequence in (D) is shown only where it differs from Xenopus, and asterisks mark the positions of conserved bases that correspond to 4 of the experimentally determined transcription start sites in mouse . (E) The Zic3-ARE (conserved region 3) includes 2 perfect and 2 imperfect repeats of a 9 bp sequence (underlined). These repeats, which contain the TAAT core found in homeodomain recognition sites, are aligned at the bottom left. The mutations disrupting these putative binding sites are shown at the bottom right. The GenBank accession number is AF506276 for the Xzic3 5 0 flanking region, AF506277 for the Xzic3 first intron, AF506278 for the Xzic3 second intron, AB005292 for the Xzic3 cDNA (Nakata et al., 1997) , and AF028706 for the hZic3 cDNA (Gebbia et al., 1997) , and NT_011719 for the complete hZic3 genomic sequence (Sanger Center Chromosome X Mapping Group).
were harvested at early gastrula stage, and embryo lysates were assayed for luciferase activity ( Fig. 2(B) ). The first 1.5 kb of upstream sequence, which includes conserved regions 1 and 2, activated the reporter more than 100-fold compared to a 'promoterless' luciferase gene ( Fig. 2(B) ). The minor signal produced by the promoterless construct presumably reflects cryptic promoter activity from vector sequences. Although this 1.5 kb sequence functions as a promoter at early gastrula stage, it activates the reporter equally well in both the dorsal vegetal or ventral animal region.
Our initial experiments have been performed using a reporter construct with the intact first intron region, containing the conserved region 3 (the Zic3 enhancer, Zic3-ARE). This construct had 2-fold higher activity in dorsal marginal cells, as compared to ventral marginal cells (data not shown). To confirm that the Zic3-ARE can function and as an enhancer, it was added to the 1.5 kb Xzic3 promoter-luciferase reporter construct ( Fig. 2(B) ). To ensure that any effects it might have were transcriptional, rather than post-transcriptional, the Zic3-ARE was placed upstream and in the reverse orientation to the promoter, so that it would not be included in the reporter transcript. It was also added as 2 or 4 copies in order to amplify any effects it might have. Because we expected that the repeating homeodomain consensus sites found in this region would be important for any transcriptional effects, an equivalent set of constructs were made in which each of these sites is disrupted by a 2 bp mutation ( Fig. 1(E) ).
As compared to the Xzic3 promoter by itself, a single copy of the Zic3-ARE placed upstream of the promoter gave a 2-fold increase in activity in the dorsal vegetal region of early gastrula, but not in the ventral animal region (Fig. 2(B) ). Similar results were obtained in two additional experiments with the single copy of the Zic3-ARE (a 1.8-fold and a 2.2-fold increase; data not shown). Multimerizing the Zic3-ARE amplified this signal. The construct with 4 copies of the Zic3-ARE gave an increase in dorsal vegetal activity that ranged from 8-to 17-fold, with an average of 11-fold, in 4 experiments ( Fig. 2(B) and data not shown). In all cases, the mutations in the repeating homeodomain consensus sequence (Zic3-mARE) eliminated the Zic3-ARE activity.
These experiments indicate that the phylogenetically conserved region found in the Zic3 first intron, the Zic3-ARE, serves as a transcriptional enhancer. This enhancer is active in the dorsal vegetal region of early gastrula embryos, and requires the repeating sequence CTAATTAAA. This localization suggests that the Zic3-ARE mediates activation of the endogenous Zic3 gene in the Spemann organizer. Zic3-mARE (red box) contains mutations in all 4 potential homeodomain binding sites ( Fig. 1(E) ). Embryos injected with Xzic3-luciferase constructs were harvested at the beginning of gastrulation, and luciferase activity is reported in relative light units. Each bar represents the mean^standard deviation for at least 15 embryos that were harvested in 3 groups.
Activation of the Zic3 reporters by Wnt signaling
We next evaluated the embryonic signals that activate the Zic3-ARE in the organizer region. Since the Wnt signaling pathway is involved in the induction of some organizer genes, such as Siamois/Twin and Goosecoid (Brannon and Kimelman, 1996; Laurent et al., 1997; Fan et al., 1998; Watabe et al., 1995) , it might also target the Zic3-ARE. Xzic3-luciferase constructs and mRNA for a dominant negative version of TCF3 (dnTCF3; Molenaar et al., 1996) were coinjected into the dorsal vegetal region of 4-cell stage Xenopus embryos. We used the reporter construct with 4 copies of the Zic3-ARE (Zic3-AREx4), because it provides a substantially stronger signal than a single copy. At early gastrula stage, dnTCF3 strongly inhibited the Xzic3-AREx4 construct, but did not inhibit the promoter alone or the Zic3-mAREx4 construct (Fig. 3(A) ). These results suggest that the endogenous Wnt signaling pathway is required for activation of the Zic3-ARE in the dorsal vegetal region.
To test whether the Wnt signaling pathway might be sufficient to activate the Zic3-ARE, Xzic3-luciferase constructs and mRNA for either b-catenin or Siamois were coinjected into the animal pole region of 2-cell stage embryos. At the beginning of gastrulation, the promoter construct lacking the enhancer was activated by b-catenin or Siamois RNAs approximately 3-fold (Fig. 3(B) and (C)). Similar activation was observed for both Zic3-AREx4 and mZic3-AREx4 constructs. An equivalent result was also obtained with an activated version of TCF3 (data not shown), in which the VP16 activation domain is fused to the TCF3 DNA binding domain (Vonica et al., 2000) . These findings indicate that while the Wnt/b-catenin pathway can activate the Zic3 promoter in animal pole region, this effect is not mediated by the Zic3-ARE.
The Zic3-ARE is a target of Nodal-related signals
It has been reported recently that Zic3 is induced in animal pole explants by activin/Nodal signals (Kitaguchi et al., 2000) . To determine whether this effect requires protein synthesis, we assessed activation of Zic3 by activin in animal pole explants that were isolated at the midblastula stage and were cultured in the presence of 5 mg/ml of cycloheximide. At this concentration of the inhibitor, total protein synthesis is reduced by 95% (Sokol, 1994 , and data not shown). Northern analysis of Zic3 expression (Fig. 4) shows that the induction of Zic3 is not significantly suppressed by cycloheximide, indicating that Zic3 is a direct target of Nodal-related signals.
To evaluate whether signaling by TGFb superfamily members are involved in regulation of the Zic3-ARE, we first used a dominant negative activin type II receptor (dnActR, Hemmati-Brivanlou and Melton, 1992) . dnActR mRNA was injected into the dorsal vegetal region of 4-cell stage embryos together with Xzic3-luciferase constructs. At the beginning of gastrulation, the expression of the Zic3-AREx4 construct was strongly reduced, while there was no effect on the promoter alone or the Zic3-mAREx4 construct (Fig. 5(A) ). We also tested a dominant negative BMP receptor (tBR; Graff et al., 1994) , which has been reported to activate endogenous Zic3 (Nakata et al., 1997) . Xzic3-luciferase constructs were not activated by tBR mRNA, even though it was effective in inducing a partial secondary axis on the ventral side of embryos (data not shown). These experiments suggest that TGFb family members, such as activin and Nodal, but not inhibition of BMP signaling, may be required for activation of the Zic3-ARE in the Spemann organizer.
Both Smad2 and FAST are essential mediators of activin/Nodal signaling in mesendoderm (reviewed in Massague and Wotton (2000) and Hill (2001) ). We first tested whether the Smad2 interacting domain of FAST Fig. 3 . Activation of the Zic3 reporter constructs by Wnt signaling. Xenopus embryos at the 2-to 4-cell stage were coinjected with Xzic3-luciferase constructs and mRNA for factors that affect the Wnt signaling pathway. (A) dnTCF3 blocks activity of the Xzic3-ARE in the dorsal vegetal region. bCatenin (B) or Siamois (C) activate Zic3 reporter constructs in the animal pole region. Note that the activation of the Zic3-AREx4 construct is no greater than that seen for the promoter alone or the promoter with 4 copies of the mutant version of the Zic3-ARE. Schematics for the Xzic3-luciferase constructs and conditions for the luciferase assays are given in Fig. 2. (SID), which interferes with Smad2 signaling (Chen et al., 1997) , affects Zic3-ARE activation. Activity of the Zic3-AREx4, but not the promoter alone, was strongly inhibited by coinjected SID mRNA (Fig. 5(B) ). A similar effect was obtained with FAST-En, a dominant negative version of FAST, which has the Engrailed repressor domain fused to the FAST DNA binding domain (Watanabe and Whitman, 1999 ; Fig. 5(B) ). These results suggest that FAST plays an important role in regulating the Zic3-ARE.
To test whether TGFb signals are sufficient to induce the Zic3-ARE, different mRNAs were coinjected with Xzic3-luciferase constructs into the animal pole of 2-cell stage embryos. At early gastrula stage, activin (Asashima et al., 1990; Thomsen et al., 1990) , Xnr1 and Xnr2 (Jones et al., 1995) , but not Xnr3 , strongly induced the Zic3-AREx4 construct (Fig. 5(C) ). In five independent experiments, we observed 6-to 33-fold stimulation of the Zic3-ARE by activin, with an average of 14-fold (Fig. 4(C) and data not shown). There was no activation of the promoter alone or the Zic3-mAREx4 construct, indicating that the repeating sequence CTAATTAAA is required for this response. Altogether, these experiments suggest that the Zic3-ARE is activated in the organizer region by Smad2-and FAST-dependent signaling from the Nodal-related TGFb ligands.
A final proof that the Zic3-ARE is sufficient for activin responsiveness of Zic3 reporters comes from the construct, containing the enhancer and a minimal heterologous (Chen et al., 1996) , is repressed 2.5-fold by FAST-En and 5.8-fold by SID. (C) Activin and Nodal-related ligands activate the Xzic3-AREx4 in the animal pole region. (D) Animal pole cells, expressing Xzic3-AREx4, respond to activin, but not b-catenin. Schematics for the Xzic3-luciferase constructs and conditions for the luciferase assays are given in Fig. 2. promoter ( Fig. 5(D) ). In animal pole cells, activin, but not b-catenin, activated this construct, in which all Zic3 upstream regulatory sequences were missing, thus confirming our conclusions.
Discussion
The aim of this study was to identify signals controlling expression of Zic3 in the Spemann organizer of Xenopus embryos. The Zic3-ARE, which is located in the first intron, was hypothesized to be a regulatory region based on its conservation between humans and amphibians. Experiments with Xzic3-luciferase reporter constructs demonstrated that the Zic3-ARE is active in the organizer, thereby mimicking endogenous Zic3 expression. Furthermore, the Zic3-ARE is responsive to activin/Nodal/Smad2-dependent signaling. A repeating CTAATTAAA sequence is essential for both activation of the Zic3-ARE in the organizer and its responsiveness to activin/Nodal signaling. Thus, activin/ Nodal signals are likely to be involved in activation of Zic3 in the organizer.
Our experiments indicate that the Zic3-ARE can be induced by activin and the Nodal-related ligands Xnr1 and Xnr2, members of the TGFb superfamily. The role of activin in early mesendoderm development is unclear. Follistatin, an inhibitor of activin, does not appear to block organizer formation in Xenopus (Schulte-Merker et al., 1994), and mice lacking activins A and B have no axial abnormalities (Schrewe et al., 1994; Vassali et al., 1994; Matzuk et al., 1995) . In contrast, Xnr1 and Xnr2 are excellent candidates for in vivo regulators of the Zic3-ARE in the Spemann organizer, because they are preferentially expressed in this region of the Xenopus embryo at early gastrula stage (Jones et al., 1995) . Also, Nodal-deficient mice do not form the primitive streak, the mouse equivalent of the Spemann organizer, and have severe defects in mesoderm development (Zhou et al., 1993; Conlon et al., 1994) . The same consensus site mutations that prevent organizer-specific activation of the Zic3-ARE also eliminate its response to Nodal-related signaling, consistent with the proposal that endogenous Nodal-related ligands regulate the Zic3-ARE in the Spemann organizer.
The Zic3-ARE does not appear to share extensive similarity to previously characterized activin response elements (Watabe et al., 1995; Rebbert and Dawid, 1997; Kaufmann et al., 1996; Howell and Hill, 1997) . Activin/ Nodal signaling is known to be mediated by different Smad2-interacting transcription factors, such as FAST, Mixer and Milk (Chen et al., 1996; Howell and Hill, 1997; Germain et al., 1999) . Inhibition of the Zic3-ARE with a dominant interfering FAST-En construct and with a Smad2-interacting domain of FAST strongly implicates Smad2 signaling in Zic3 activation. Yet there are no obvious FAST consensus binding sequences in the Zic3-ARE. One possibility is that FAST activates the Zic3-ARE indirectly, by stimulating transcription of a homeodomain protein(s) that binds to the conserved CTAATTAAA motif. This is not very likely, since endogenous Zic3 transcription is stimulated by activin in the absence of protein synthesis (Fig. 4) . A more likely possibility is that the Zic3-ARE is activated by a homeobox factor of the Mix family (Germain et al., 1999) , and the effect of the Smad2-interacting domain of FAST is due to sequestering endogenous Mix proteins.
We also evaluated whether other major signaling pathways activate the Zic3-ARE. Inhibition of BMP signaling had no apparent effect. In contrast, both b-catenin and Siamois, a downstream target of Wnt/bcatenin signaling, stimulated the Zic3 reporter constructs. This stimulation appeared to depend only on Xzic3 promoter sequences, not on the Zic3-ARE. However, we were unable to identify any functional TCF or Siamois binding sites in the promoter region, suggesting that the promoter is regulated by downstream targets of the b-catenin/Siamois pathway. Whereas Wnt signaling was not sufficient to activate the Zic3-ARE in the animal pole region, dnTCF3 effectively blocked the Zic3-ARE in the Spemann organizer. This inhibition of the Zic3-ARE may be due to repression of Xnr1 and Xnr2, which are known to be Wnt/b-catenin responsive genes (Agius et al., 2000; Hyde and Old, 2000) . Alternatively, transcriptional activation of Zic3 in the Spemann organizer may require the function of both the Nodal-dependent Zic3-ARE and Wnt-dependent Zic3 promoter. This study further illustrates the importance of the Wnt and Nodal signaling pathways in formation of the organizer.
In summary, our study identified a new conserved Nodal/Smad2-responsive regulatory element present in the Spemann organizer. Since the mutated Zic3-ARE is no longer active in vivo, the identified new enhancer is necessary for proper regulation of the Zic3 gene during embryonic development. These findings contribute to the analysis of gene networks underlying the function of the organizer in different vertebrate embryos, from frogs to humans.
Experimental procedures
Isolation of Xzic3 genomic sequences
A 329 bp 5 0 terminal fragment of the Xzic3 cDNA was obtained by cutting the pBSSK-Xzic3 plasmid (Nakata et al., 1997) with EcoR I and Sac I. This fragment was then used to probe a Xenopus genomic lEMBL4 library (a gift of Christopher Wright, Vanderbilt University, Nashville, TN) using standard techniques (Sambrook et al., 1989) . A 12.7 kb clone was obtained, and subfragments of this clone were transferred to the pBluescript SK (pBSSK) plasmid (Stratagene, La Jolla, CA). DNA sequencing confirmed that this clone contained the entire Xzic3 coding region.
A schematic diagram representing 8.6 kb of the genomic Xzic3 sequence is shown in Fig. 1(A) . GenBank accession numbers for both introns and the first 1.5 kb of the 5 0 flanking region are given in Fig. 1. 
Xzic3-luciferase reporter gene constructs
The luciferase reporter vector used in this study is based on the pGL3 plasmid (Promega, Madison, WI), which contains the firefly luciferase coding region downstream of a polylinker region. To reduce cryptic promoter activity, the pGL3 plasmid has a single copy of a polyadenylation signal upstream of the polylinker region. Two additional polyadenylation signals were added between the Kpn I and Xho I restriction sites at the 5 0 end of the polylinker region. These signals were copied by polymerase chain reaction (PCR) from the pSVoATCAT vector (Gorman et al., 1982) . The Xho I and Hind III sites of the pGL3 polylinker region were used for cloning Xzic3 promoter sequences. A Hind III site was added to the 3 0 end of the Xzic3 promoter region by using a PCR primer complementary to the 17 base sequence immediately upstream of the Xzic3 ATG start codon. An Xho I site was placed at the 5 0 end of the 1.5 kb Xzic3 promoter by adding an Xho I to Pst I polylinker fragment from pBSSK to a naturally occurring Pst I site found 1478 bp upstream of the Xzic3 ATG start codon.
The Zic3-ARE (conserved region 3 in Fig. 1 ) has naturally occurring Hinc II and EcoR I sites at its 5 0 and 3 0 ends, respectively. These sites were used to transfer this fragment into the Hinc II and EcoR I sites of pBSSK. The mutations shown in Fig. 1 (E) were introduced as mismatches in lengthy PCR primers and confirmed by DNA sequencing. To generate 2 tandem copies of the Zic3-ARE (Zic3-AREx2), one copy was cut out of the pBSSK-Zic3-ARE construct using Apa I and Sma I, and then cloned back into a pBSSK-Zic3-ARE plasmid that had been cut with Apa I and Hinc II (both Sma I and Hinc II generate blunt ends). To generate 4 tandem copies of the Zic3-ARE, the same process was repeated using the pBSSK-Zic3-AREx2 construct as the starting material. The single or tandem copies of the Zic3-ARE were cut out of pBSSK as Hinc II to Xba I fragments and then cloned into the Hinc II and Xba I sites of a modified pGEM-7 plasmid (Promega, Madison, WI) that had an Xho I site adjacent to the Xba I site. The Zic3-ARE inserts were then cut out as Hinc II to Xho I fragments and cloned into the Xho I and Sma I sites of pGL3-1.5 kb Xzic3 so that each Zic3-ARE was upstream and in the reverse orientation to the 1.5 kb promoter. Alternatively, Zic3-ARE and mZic3-ARE containing DNA fragments were subcloned into pGL3-Basic (Promega) to generate enhancercontaining minimal promoter constructs (Fig. 4(D) ).
Production of synthetic mRNA
Capped synthetic mRNAs were produced by in vitro transcription using the mMessage Machine Kit (Ambion, Austin, TX). The mRNAs, injection dose, and plasmid templates are as follows: Xnr1, 100 pg/10 nl, pCS22Xnr1 (Jones et al., 1995) ; Xnr2, 100 pg/10 nl, pCS22Xnr2 (Jones et al., 1995) ; Xnr3, 100 pg/10 nl, pXnr3 ; activin b, 1 pg/10 nl, XActB-pSP64T (Thomsen et al., 1990) ; dnActR, 1 ng/10 nl, p64T-XAR1-DNM1/Stop (Hemmati-Brivanlou and Melton, 1992); FAST-En, 1 ng/ 10 nl, pCS-FAST-En (Watanabe and Whitman, 1999) ; SID, 1 ng/10 nl, pCSMT-FAST-1 D(1 -365) (Chen et al., 1997) ; dnTCF3, 200 pg/10 nl, DN-XTcf-3 (Molenaar et al., 1996) ; Siamois, 10 pg/10 nl, Siamois-RN3 (Lemaire et al., 1995) ; stabilized b-catenin, 20 pg/10 nl, XBC69 (Yost et al., 1996) .
Animal pole explants and northern analysis
Animal caps were isolated at midblastula stages and cultured for 4 h in 1 ng/ml of recombinant human bA activin with/without 5 mg/ml of cycloheximide as described (Sokol, 1994) . Total RNA was prepared from animal pole cells by proteinase K digestion followed by phenol/chloroform extraction and ethanol precipitation according to Sokol (1994) . For RNA probe preparation, the Zic3 plasmid was linearized with Eco RI and the fibronectin template was linearized with Bam HI. Antisense P 32 -labeled probes were synthesized in vitro with T3 and SP6 RNA polymerases, respectively, as described (Sokol, 1994) .
Embryo injections and luciferase assays
X. laevis eggs were obtained, fertilized and cultured according to Newport and Kirschner (1982) . Staging was according to Nieuwkoop and Faber (1967) . Plasmid microinjections were done as previously described (Fan and Sokol, 1997) .
In brief, plasmids for injection were isolated using the Plasmid Midi Kit (Qiagen, Valencia, CA). They were further purified by two phenol:chloroform extractions, one chloroform extraction, and ethanol precipitation. DNA pellets were washed with 70% ethanol, air dried, and resuspended in nuclease-free water. For all injections, two blastomeres were injected near the embryo's midline, and each blastomere was injected with 20 pg of total DNA, with or without mRNA, in 10 nl volume. pGL3-Xzic3 plasmids, which contain the firefly luciferase reporter, were mixed with an equal amount of the control plasmid pRL-CMV (Promega, Madison, WI), which uses a cytomegalovirus promoter to drive expression of the Renilla luciferase reporter. At early gastrula stage, 5 -10 embryos per Eppendorf tube were homogenized in 50 mM Tris -Cl, pH 7.8 (20 ul per embryo) by pipetting up and down 10 times through a pipet tip. Lysates were cleared by centrifuging for 5 min at maximum speed in an Eppendorf microfuge. Fifty ul of each lysate was assayed using the Dual Luciferase Reporter Assay System (Promega, Madison, WI) and an EG & G Berthold luminometer (Wallac Inc., Gaithersburg, MD). Firefly luciferase activity was normalized to the Renilla luciferase activity.
